The study presents the development of a new two-dimensional FEM numerical model describing the operation of two large open-ended coaxial probes de-signed to investigate the permittivity of concrete, and its constituents. This numerical simulation, combined with a capacitive approach describing the behaviour of the probes, enabled to prove the suitability of such device to determine the permittivity of dispersive dielectrics. Finding back the permittivity of a specified material by calculation of the S parameters, change of the reference plane and use of the capacitive model is the key to the proof. Measurements performed onto different materials show good similarities with the numerical simulations. Special considerations are mentioned concerning the size of the probe and its ability to measure the permittivity of heterogeneous materials made of large inclusions. Combination of such numerical tool and measuring device can be used as a non-destructive testing technique to assess the near surface permittivity of concrete structures or as a calibration technique for GPR measurements.
Introduction
The use of electromagnetic (EM) waves for the characterization of concrete moisture, either by GPR [1] [2] [3] or by capacitive methods has been investigated by many researchers. Indeed, the complex permittivity (both real and imaginary parts) of concrete is significantly influenced by moisture [4] [5] [6] . So the development of a probe able to measure complex permittivity of concrete, especially on site, is of great interest.
Moreover, Non Destructive Testing (NDT) of concrete by Ground Penetrating Radar (GPR) is a very common issue, especially for the localization of reinforcement [7] [8] [9] . On roads GPR is also used for the measurement of the thickness of pavement layers [10, 11] . For these applications, the wave velocity is required to convert the wave travel time measured by the GPR into a distance. The wave velocity is not easy to measure with usual GPR systems, especially those devoted to concrete structure investigations and so, a calibration is necessary. For instance for an accurate localization on depth of the reinforcement, drillings are done in specific points to measure the depth of the reinforcement [12] . For roads, cores are extracted for measuring in specific points the pavement thickness assessment [13] . It is admitted that the wave velocity in a low-loss electromagnetic medium, such as concrete or pavements, is directly linked to the real part of permittivity. Then a probe which could be used on site for the assessment of dielectric constant could be useful for a fast calibration of GPR measurements and limiting drilling or cores.
One of the most popular devices to assess the permittivity of losses materials is the coaxial line based on the measurement of transmission and reflection coefficients. A material sample is inserted into a coaxial structure and the complex permittivity is derived from the analysis of the measured transmission or reflection coefficients. Several coaxial transmission lines have been developed, and their ability to characterize both real and imaginary parts of concrete permittivity on a large frequency range was demonstrated [14] [15] [16] . However, their use is mainly limited to laboratory measurements because the insertion of the sample into a coaxial line requires a specific machining of the sample not easy to realize for instance on cores extracted from the structure. A coaxial-cylindrical cell without inner core was developed by Dérobert and Villain [17] which facilitates the measurement on cores [18] .
Open-ended coaxial probes are an alternative to co-axial lines [19] [20] [21] . Their implementation is simple and they work in a large frequency range. However, since transmission coefficients are necessary to determine both the magnetic and dielectric properties of materials, reflection probes are essentially reserved for permittivity measurement of nonmagnetic materials, like concrete.
In this study we present two different sizes of probes that we have developed. A first large conical probe was designed for the investigation of concrete. The simple capacitive model used for describing the behaviour of the probe and enabling the permittivity of flat samples to be calculated is detailed. A two-dimensional axisymmetric FEM model developed to validate this approach over specific frequency ranges is presented. Then, another probe was developed for the permittivity assessment of the phases of cement paste and of the interstitial solution. The interpretation of the measurements is also performed by using the capacitive model. Permittivity values obtained on various materials (rock, sand and concrete) and on different solutions are presented.
Design of the large open-ended coaxial probe
Deducing the permittivity of a dielectric material from the amount of energy reflected on its surface using a coaxial probe requires the use of the transmission line theory [22] . This concept enables an accurate description of electromagnetic wave propagation through a coaxial cable and is the basis to the understanding of the probe operation. A typical coaxial cable is composed of two concentric cylindrical structures made of a conducting material (a centre core and a metallic shield) separated by a dielectric insulator. Parameters $a$ and $b$ will be used in the future to describe metallic core and shield radii, respectively. In such cables, transverse electromagnetic modes (TEM) are the only propagation modes allowed within the dielectric material. Thus, both electric and magnetic components of an incident wave are exclusively located within the plane perpendicular to the propagation direction. The same basic structure is used to build open-ended coaxial probes. Figure 1 presents a picture of the first designed probe and the vector network analyser used during the study. The probe is characterized by a metallic core radius a = 6.5 mm and dielectric insulator radius b = 15 mm at the end of the probe. Such large diameters enable to expand the investigated volume in order to perform measurements onto heterogeneous samples characterized by large representative elementary volumes (rev) like concrete. Also, because of the device conical shape, values a and b vary along the probe length but the ratio b/a remains constant to maintain probe characteristic impedance Z 0 equal to 50 Ω and prevent any reflection phenomenon within the probe.
In Figure 2 the cross sectional view of the device is presented. Brass core and shield are kept together at the top of the probe thanks to a N connector filled with Teflon and also characterized by a 50 Ω characteristic impedance. Impedance continuity between the connector and the probe dielectrics is achieved by using different dielectric radii for the probe and connector. The device is then directly connected to a vector network analyser (VNA).
The second probe is simply built by abrading the surface of a N connector as illustrated in Figure 3 . The device is characterized by a core radius a = 1.2 mm and a metallic shield radius b=4.5 mm. The smaller radii make it suitable for the study of tiny samples as well as media characterised by a small representative elementary volume. In the present study, the analyzer is used to synthesize and deliver the electromagnetic signal which propagates within the probes towards the material under test located at its end. We now consider those probes as lossless extensions of the VNA. The only reflection phenomenon has to come from the sample placed below the probe. If the material's impedance is not equal to 50 Ω, the system made of the probe and sample is equivalent to a lossless transmission line terminated in a load impedance Z L depending on the electromagnetic properties of the sample. This approximation is restricted to the case of semi-infinite sample i.e. deep enough to ensure that the amplitude of the electric field E is at least two orders of magnitude lower at the end of the sample than at the interface with the probe [23] . Komarov et al. [24] remind that wave propagation through the sample can be seen as a distortion of the TEM signal in the vicinity of the probe aperture. This would induce the appearance of a component of the electric field perpendicular to the aperture and a radiation of the wave into the sample. Partial reflection of the energy towards the probe is then observed.
Eq. 1 can now be used to link the S 11 parameter, measured with the VNA, and the impedance of a sample such as, (1) This reflection coefficient is known to be a function of the electromagnetic properties of the sample under test. Many models have been developed during the past decades to determine, from the measurement of a voltage reflection coefficient, the dielectric constant or the magnetic permeability of semi-infinite materials. Dielectric permittivity can sometimes be derived from the integral expression of the admittance at the end of the coaxial probe [25] for a simple system geometry. However, the vast amount of computing resource needed for its resolution makes instant measurements impossible [19] . To simplify the expression of impedance at the end of the probe, other approaches have been used like the quasi-static approach, the Taylor-series development approach or equivalent electrical circuits approaches. The latter supposes that measurement circuit is similar to a classic electrical circuit. Among those models, Chen et al. [22] remind the most famous ones: the capacitive model [23] , the antenna model [26] , the virtual line model [27] and the rational function model. Those models offer immediate permittivity calculation but also present drawbacks like a limited frequency range.
Simulation of a measurement with a twodimensional FEM model
To validate the operation of the designed probes, it has been chosen to build a numerical model of the device and sample systems and to simulate measurements performed onto different samples. Comparison between S parameters calculated and measured for well known materials is performed.
As previously reminded, numerical simulation of this kind of probes operation has been extensively performed onto small open-ended coaxial probe [28] [29] [30] . The model proposed in this study describes the large probe mentioned above. It uses the Finite Element Method (FEM) and is operated with COMSOL Multiphysics 5.4's RF module. The software enables resolution of the space and time dependent electric field equation. We define a port located on top of the probe as an entry port for the TEM signal to be emitted from. The software then calculates the reflection coefficient at this exact point for different signal frequencies. This reflection coefficient S 11 depends on the electromagnetic properties attributed to the defined sample (dielectric permittivity, electrical conductivity, magnetic permeability) and is the basis to the comparison with experimental data.
Geometry building and definition of the materials' properties
In this study, we consider homogeneous or heterogeneous samples with biggest heterogeneities being small enough for the measurement to be representative. Therefore the samples defined in the numerical simulations can be represented as homogeneous. This condition enables construction of a two-dimensional axisymmetric model which drastically reduces the required computation time and power. The built geometries associated with the designed probes are presented in Figure 4 . Dimension of every element is chosen to be equal to the real probes dimensions, except for dimensions of the sample below, which can be adjusted. It is then possible to assign the different properties to each of the elements, and for the entire frequency range set, as presented in Table 1 . We also define limit conditions at the boundaries of the system. Perfect conductor conditions are applied all around the metallic parts of the probe ( Figure 4 ) and impedance boundary conditions are applied at the outer parts of the sample. The simulation is then performed for specific TEM waves emitted from the port for a given set of frequencies like with any open-ended coaxial probe. As a very broadband method, it is worth calculating reflection coefficients for a wide frequency spectrum defined here as [1 MHz; 2 GHz] (100 calculations are incorporated within these ranges).
Computation time required to calculated S 11 parameters over such frequency range is less than ten seconds.
Change of reference plane Figure 5 . Change of reference plane in a transmission line.
S 11 parameters being calculated at a precise position defined as the emission port of the device (top of the probe), one has to apply a transmission matrix to the calculated parameters in order to evaluate the reflected parameters at the interface between the probe and the material under test. This can only be done by assuming that the probe is a lossless transmission line and by knowing the exact length of the probe as well as the permittivity of the dielectric material filling-in the probe (air). S parameters at the load S 11 L can then be calculated according to the S parameters at the entrance of the probe S 11 
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, the signal frequency f, its velocity v and the probe length L, (2) Comparison with experimental results and introduction of the capacitive model Measurement procedure
The vector network analyzer used in this study is an Anritsu MS46121A with a signal frequency range set to [1 MHz; 2 GHz]. Measurement of the S 11 parameter over this broad range was performed onto materials with known permitivities like air, Teflon and also onto materials with unknown electromagnetic properties like rock aggregate, sand or concrete samples.
A calibration procedure of the VNA is required before setting up the probe in order to take into account external factors influencing the device operation like temperature or hygrometry. This is performed by measuring the reflected signal onto three different loads (open circuit, short circuit and a 50 Ω load impedance).
It is also necessary to remind that the default configuration of the reference plane of the VNA after calibration is defined at the output of the device. S 11 parameters will be measured at this exact position. In the present study, measurement of this reflection coefficient has to be performed at the boundaries of the load impedance i.e. at the interface between the probe and the sample. This is necessary because the impedance (deduced from the S parameter) measured at the entry of a transmission line (Z in on Figure 5 ) differs from the impedance at the boundaries of the load (Z L ). This is due to the phase deploying itself over the additional line length induced by the probe. Change of reference plane is performed by plugging the probe in, short-circuiting it by placing a conductive material at its end like a copper foil. Thanks the VNA software, the coefficient βl that cancels the new phase introduced is searched and the reference plane is adjusted. Even though a good measurement reproducibility is observed, no distinction can be made between materials with permittivity lying between 1.9 and 2.4 and the measured signal. Mean squared root for measured parameters and calculated ones with permittivity equal to 1.9 and 2.4 are found to be equal to 0.8. The same behaviour has been observed with air as a sample. To overcome this lack of accuracy, one can use the capacitive model that requires two reference materials to calculate permittivity of an unknown material from their S 11 parameters. A picture of the capacitive model electrical circuit is presented on Figure 8 . This circuit is made of two capacitors C f and C( * )= * χ connected in parallel. Capacitor C(ε r *) is used to model the electric energy storage capacity of the sample. The complex value of the permittivity * enables the consideration of dielectric losses within the material. The χ factor is a geometric factor used to take into account the geometry of the probe. Eventually, the capacitor C f is often used to interpret the energy storage capacity due to the fringing fields. This capacity is material independent and only comes from the fact that fringing fields exist at the boundaries of every non-infinite planar capacitors [31] . Parameters χ and C f being difficult to estimate, a calibration procedure using well-known materials is necessary.
S parameters measured and calculated
Firstly, one compares the S 11 parameters obtained from FEM calculations and from measurements performed on a wellknown material, in the case of a 6.5 mm core radius openended probe. The permittivity of Teflon is known to be = 2.1 + 0j within the studied frequency range. We set values within the range [1.9; 2.4] as the dielectric constant for the sample under test on the simulation as well as 0 for the electric conductivity and 1 for the permeability. Module and phase of the S 11 calculated at the interface between sample and probe are then compared to the one measured on a Teflon block. Measurements have been performed for five different
Introduction of the capacitive approach
Using Eq. 1, an expression describing permittivity of a sample placed at the end of the coaxial probe can be deduced, *
It is possible to get rid of the two unknown parameters Cf and χ by measuring the S11 parameter on two materials of known permittivity and . The resulting expression for the dielectric constant of a random sample is therefore given by, *
We used in this study as reference materials air 1 0 and a 25×15×10 cm 3 Teflon block = 2.1 + 0j). The third material investigated is the one with unknown properties. Following the previously described procedure, one can convert S 11 spectrum into a permittivity dispersion spectrum. Figures 9 and 10 present the permittivity spectra obtained with the largest probe (core radius a = 6.5 mm) for Teflon as the unknown sample. The accuracy of the deduced permittivity is drastically improved since the obtained spectrum indicates a permittivity lying between 2.1 and 2.2. Mean squared root calculated is here equal to 0.05 when using 2.1 and 2.2 permittivity for the simulated material. The capacitive model as well as the measurement process are here validated over the frequency range [1MHz; 2GHz] for the largest probe. The same measurement and simulation procedures are applied with the 1.2 mm core radius probe on the same Teflon sample. Estimated permittivity is presented in Figure 11 and 12 in terms of real and imaginary parts. A close match between measurement, simulation and theoretical permittivity is observed. It can be therefore concluded that a combination of a probe measurement and an iteration process comparing calculation results and measurements can be used to deduce the permittivity of any flat medium including cementitious materials or their components.
Comparison with experimental results and introduction of the capacitive model
Permittivity of a rock sample Figure 13 . Measurement of the real and imaginary parts of the permittivity of an aggregate sample compared to a 4.6 permittivity simulated material.
The unknown material investigated here is a homogeneous 14×7×9 cm3 aggregate block commonly used as one of the components of concrete. The frequency range chosen is [1 MHz; 2 GHz]. Permittivity spectrum deduced from the measurement of the S parameters onto its flat surface with the 6.5 mm core radius open-ended coaxial probe is presented on Figure 13 . The real part lies between 4 and 5 at low frequencies and slightly increases at high frequencies. The imaginary part is almost equal to 0 at low frequencies and also seems to increase at high frequencies. The material is supposed to be homogeneous and flat enough to enable measurements with an open-ended coaxial probe. Permittivity deduced from the measurement of reflection coefficient is also compared to the results of simulations for fictive materials with permittivity comprised between 4 and 5. It is found that the minimum mean squared root and thus the best overlapping between experimental and calculated properties is obtained for the simulated sample with permittivity = 4.6 ( Figure 13 ). We observe on both the numerical simulation and the measurement an increase in the permittivity value for high frequencies. Such artefact is found to be dependent on the probe geometry as well as the permittivity of the dielectric material filling the probe. The larger the probe's diameter, the stronger the shift in permittivity. This shift decreases for small diameters and when the permittivity of the dielectric filler is close to the sample's one, resulting in a lower impedance discontinuity. We hence conclude that this effect is caused by the probe geometry itself, since it is observed on both simulated and measured data and should not be taken into account. Once again, it can be concluded that the built model can be used to accurately determine the permittivity of samples thanks to an iteration process comparing results from measurements and calculations and minimizing their mean squared root.
Permittivity of an unsaturated sand
The same approach is used to determine the permittivity of an unsaturated sand made up by crushing the previously described rock sample. Figure 14 presents the real part of the permittivity obtained with the 6.5 mm core radius openended coaxial probe for three different saturation degrees (0%, 30% and 60%). Water's dielectric constant being way higher than the solid part's one, a permittivity increase is observed along with the water content. Because of ionic species present within the saturating water, a dispersive behaviour appears at sufficiently low frequencies for the imaginary part (Figure 15 ). Its magnitude is a function of the amount of ions present within the wetting medium. It can also be observed that the permittivity shift caused by the measuring system and by the model used is increasing as the permittivity value of the material under test is distant from the permittivity of the dielectric filling the probe (here air). This deviation should not be taken into account as it appears in both measurements and simulations in the same way. An iteration process comparing set and measured permittivity is used to conclude about sample's electromagnetic properties. Best overlapping is obtained for simulated samples with the properties as presented in Table 2 . Permittivity of concrete samples Figure 16 presents the permittivity measured over the range [1 MHz; 2 GHz] of a concrete sample estimated with the 6.5
mm core radius open-ended coaxial probe. Sample's height is equal to 5 cm and radius is 11 cm. The cylinder has been dried in an oven at 100 °C for 30 days. The real part of the sample's permittivity lies around 6 at low frequencies and increases at high frequencies. Its imaginary part is equal to zero at low frequencies and also increases at high frequencies. Figure 16 also presents the calculated permittivity for a simulated sample with a dielectric constant equal to 6.1. We can thus deduce that concrete permittivity is approximately equal to 6.1. This result is consistent with some measurements performed with different techniques [32, 21] . Figure 16 . Measurement of the real and imaginary parts of the permittivity of a concrete sample compared to a simulated material (permittivity set at 6).
Permittivity of a concrete's interstitial solution
The amount of interstitial solution present within concrete's pores as well as its ionic composition influence the effective permittivity of the heterogeneous material. Measurements were performed with the 1.2 mm core radius open-ended coaxial probe on a recreated concrete's interstitial liquid. Even though interstitial liquid composition vary from one concrete to another, results presented below prove the ability of the designed probe to estimate its dielectric dispersion over the frequency range [1 MHz; 2 GHz]. The interstitial liquid used was recreated from the dosing of the liquid extracted from a CEM-I concrete, as presented in [33] . A large enough volume was synthesized in order to perform a permittivity measurement. Molar concentration of each chemical specie is presented in Table 3 . Table 3 . Composition of the synthesized interstitial solution based on the dosing of a CEM-I concrete recreated in a previous study [33] .
122.8 154. 3 As an input for the numerical simulation procedure, DC conductivity σ of the liquid was measured with a conductivity meter and we obtained σ=3.32 S/m. A static dielectric constant =80 was chosen as the dielectric permittivity of the sample. Simulated dielectric permittivity was then compared with a Debye equation classically used to model the dielectric dispersion of conductive water below 100 GHz [34] and defined as,
where and ∞ are the limit of permittivity at low and high frequencies, respectively equal to 80 and 3.13. is the relaxation time of pure water ( =10 -11 s and the permittivity of free space. Experimental and numerically derived results are presented along with the Debye model in Figure 17 . Similar behaviour is observed between measurement and simulation of both real and imaginary part of permittivity. 
Determination of probe's intrinsic and related parameters Effective penetration depth
Many experiments have been performed in order to estimate the effective penetration depth of waves in a sample during open-ended coaxial probe measurement [30, [35] [36] [37] . This effective penetration depth is closely related to the probe's diameter [35] and is in the same order of magnitude as this diameter [30] . Meany et al. [35] computed the evolution of the penetration depth as a function of probe diameter, frequency and medium permittivity. Probe diameter is found to be the most influential parameter and penetration depth is almost constant with frequency and sample permittivity. The effective penetration depth is an important characteristic especially when dealing with heterogeneous samples like concrete. Care must be taken when studying materials with such large heterogeneities. A probe with a large diameter is necessary to study concrete samples including aggregates of a few centimetres. Figure 18 presents the real part of the permittivity resulting from a simulation performed for the 6.5 mm core radius probe with a heterogeneous sample made of two layers with a different permittivity. We aim to estimate the wave penetration depth. The upper layer is made of a material with permittivity 5 + 0j. The lower material is air ( = 1 + 0j). We compute the effective permittivity following the described procedure for different sample thicknesses e. Results show that for samples with permittivity 5 + 0j thinner than 2 cm, the resulting permittivity is different than 5 + 0j. Effective penetration depth hence lies around 2 cm. 
Effect of an air gap between the probe and the sample
Effect of an air gap between the probe and the material's surface also needs to be considered. This effect has been studied and modelled by Baker at al. [36] . It has been observed experimentally by measuring the permittivity of a Teflon block dipped into a liquid and getting away from the probe by Meaney et al. [37] . Critical effects are observed for sub millimetres gaps and non-linear evolution from Teflon permittivity to water permittivity is recorded and simulated. This is why it is sometimes not recommended to use openended coaxial probes with solid because of the surface roughness inducing air gaps and permittivity shifts. Using the two-dimensional model for the 6.5 mm core radius probe, we simulated the effect of an air gap introduced between the sample and the probe. The modelled sample is now made of two layers with different permittivities. The top material has air's dielectric constant (1 + 0j). The permittivity of the bottom material is chosen to be 5 + 0j. The simulation is performed with different air layers (sample's depth remains constant and equal to 5 cm). The real part of the permittivity deduced from such numerical simulations are present on Figure 19 for the frequency range [1 MHz ; 2 GHz]. One can notice that a 1 mm gap is enough to induct a shift in the calculated permittivity of almost half the true value. It is also noticed that when the air layer is larger than 1 cm, the calculated permittivity is equal to 1. The sample itself does not have any effect on the measurement any more. It should be noted that this value depends on the sample permittivity.
Conclusion
The current work focuses on validating a new large probe, and a simple capacitive model describing the device's behaviour and ability to determine the dielectric permittivity of civil engineering materials. The open-ended coaxial probe used was connected to a vector network analyser Anristu MS46121A operating at frequencies ranging from 1 MHz to 2 GHz. A good agreement between experimental data and a new two-dimensional axisymmetric FEM model of the developed system proves the suitability of the method to calculate the permittivity of homogeneous and heterogeneous flat dispersive dielectrics. The process described presents the device as a promising way to determine the permittivity of civil engineering materials and their structural phases. Measurement were performed on different materials including concrete and some of its components (rock aggregate, sand, interstitial liquid). Future perspectives could focus on the development of probes directly immersed into concrete structures to avoid effects of an air gap between the sample and the probe. Results can also be used to design new probes suiting different materials in terms of their size or the size of their heterogeneities.
